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Abstract 
This paper presents a method for urban resilience quantification from the energy metabolism perspective, taking into account 
different sustainability dimensions and introducing such aspects as environmental, social, economic, technical and risk aspects. 
The aim is to develop a methodology for resilience index quantification for urban thermal energy system taking into account 
different levels of urban energy metabolism - production, supply and use, and approbate it on the real Latvian, Lithuanian and 
Estonian cities examples. The proposed approach includes a set of indicators to be used within the scope of thermal energy 
metabolism. The analysis is supposed to end with identification of the “weak points” of each studied energy system in order to 
help stakeholders develop the strategy for resilience enhancement in future. 
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1. Introduction 
Urban metabolism is a multi-disciplinary concept that examines material and energy flows in the cities shaped by 
various social, economic and environmental forces (Holmes et al., 2012). In general, urban metabolism can be 
defined as “the sum total of the technical and socio-economic processes that occur in cities, resulting in growth, 
production of energy, and elimination of waste” (Kennedy et al., 2007). Analysis of urban metabolism can help 
develop effective management systems in cities, for example, through increasing efficiency of use of natural 
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resources, recycling of wastes and providing low carbon society (Kennedy et al., 2007). According to Kennedy 
(Kennedy et al., 2011), use of urban metabolism principles in the urban design is a relatively new development. Also 
studying urban metabolism within the resilience issues is still a novel yet essential approach, since there is a mutual 
interaction between these two concepts. Properly organized flows of materials and energy and elimination of wastes 
and sub-products is crucial for the healthy, well-functioning and safe urban systems; on the other hand the processes 
and systems ensuring urban metabolism should be secure, appropriately managed and continuously improved as in 
the adaptive cycle. 
Since resilience evaluation methods and tools are still at the development stage, current study aims to introduce 
an approach for resilience assessment incorporating urban energy metabolism perspectives within the sustainability 
dimensions. The core of resilience quantification in this case is multi-criteria analysis; thus, the current study 
proposes a set of universal indicators addressing both risks and vulnerabilities with respect to urban energy 
production, supply and end-use. Data collection and screening approaches are given in order to obtain the values to 
be used in TOPSIS analysis. Given methodology will be used for resilience comparison of three Baltic cities – Riga, 
Vilnius and Tallinn. 
2. Urban metabolism and energy systems 
The future development of urban energy systems is characterized by specific challenges and opportunities. The 
high density of population, economic growth, and increasing use of energy severely limit an obvious sustainable 
energy choice. The vital urban infrastructure systems are vastly dependent on energy: water supply, treatment and 
waste water disposal, transport and communication systems, production and provision of food and materials, the 
resulting disposal of wastes, and energy supply itself (GEA, 2012). It shows that studying mutual interactions 
between urban metabolism and its supporting systems and processes dependent on urban metabolism, and overall 
urban resilience is of utmost importance. Catastrophes like hurricane Katrina show that urban systems and societies 
are vulnerable. The studies on infrastructure protection often ignore the interdependencies and common 
vulnerabilities of different urban systems, as well as their potential synergies. This highlights the importance of 
improved planning which, however, would require new institutional frameworks and inclusion of different 
stakeholders to address the complex coordination issues across sectors and different spatial scales (GEA, 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1. Urban energy metabolic system – model of ecological network (Zhang et al., 2010) 
 
Nowadays around 50% of the total world population lives in cities, and cities consume about two-thirds of global 
primary energy. Growing energy demand in the cities creates additional environmental pressure, for example, drives 
up local air pollution and, consequently, global climate change. This is one of the reasons which make this topic 
crucial for many researchers and policy-makers. New technologies, fuels and other measures are supposed to form 
more efficient systems in the modern world (Keirstead et al., 2012; Morlet et al., 2013). In urban energy metabolic 
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processes, energy produced by the energy exploitation sector is considered the primary energy source; it 
consequently provides energy for both the transformation and terminal consumption sectors. Produced outputs can 
be used also outside the system. The energy transformation sector includes oil refining, power generation and 
cogeneration; it utilizes the primary energy produced locally or imported from the outside of the system to produce 
the energy that will be used by secondary consumers. A part of this production can be exported to the outside of the 
system’s boundaries. The terminal consumption sectors include both industries that utilize energy and households 
within the city; it utilizes the primary and secondary energy from internal and external sources. Urban energy 
metabolism also includes recovery processes related to the recovery of by-product resources, including the recovery 
of energy from primary and secondary energy production processes and from industrial and household processes 
(Zhang et al., 2010). 
In Urban dynamics, selection of system’s boundaries is still a challenging issue. One of the main questions is 
“Where is the boundary between the system of interest and its environment best to be chosen?” The traditional 
model boundary assumes no system-environment feedback relationships and recognizes only factors that 
differentiate the urban area from its environment. However, as the impacts of a system on its surroundings may be 
rather complex and not immediate, perhaps following chains of interrelated responses in its environment may then 
feed back to the system itself (Hennekam et al., 2002). 
3. Resilient systems 
Various researchers in their studies (Boyden et al., 1981; Girardet et al., 1990; Wolman et al., 1965) have 
proposed to analyse the urban systems based on ecological principles and methods. From this perspective, a city can 
be seen as a giant organism which consumes materials and energy from the environment, transforms and 
accumulates it and eliminates wastes. Each step of urban metabolism must be organized in the way that would allow 
for reliable energy-material flows in order to minimize the risk of cascade failures in the urban system. However, 
urban metabolism should not only be resilient and secure, but also address local economic and social needs and 
drive up environmental protection. The overview on common resilient systems’ features has been done in order to 
determine possible directions of resilient urban energy metabolism development, which will be reflected in the set of 
indicators. 
According to Fiksel (Fiksel et al., 2003), complex, hierarchically organized systems  tend to have rigid operating 
parameters, are resistant to stress only within narrow boundaries, and may be vulnerable to small, unforeseen 
perturbations. Alternatively, distributed systems composed of independent yet interactive elements may deliver 
required (or even improved) functionality with greater resilience. In cities, spatial decentralization of essential 
functions can express resilience; each element can substitute another, so the whole system survives. Paul Baran 
(Baran et al., 1964) made a similar link between resilience and decentralization in the 1960s. He created a taxonomy 
to describe different types of systems — distributed, decentralized, and centralized — and advocated for distributed 
systems because of their resilience. Diversity is one of the key characteristics of a resilient system. For instance, 
Mac Arthur (Mac Arthur et al., 1955) noted that the more pathways for energy to reach a consumer, the less severe 
would be the failure of any one pathway. In fact, in resilient ecosystems, redundancy is represented by the 
abundance of functional diversity (many groups performing the same functions and able to substitute one another in 
case of emergency or change). It was also highlighted that efficiency and stability are the two features required for 
survival under natural selection. Even though that study was conducted with reference to ecological systems, these 
principles can be translated also to the engineered and urban systems. 
As a starting point for sustainable system design, four major system characteristics contributing to resilience were 
identified. These characteristics are as follows: i) diversity - existence of multiple forms and behaviours; ii) 
efficiency - performance with modest resource consumption; iii) adaptability - flexibility to change in response to 
new pressures; iv) cohesion - existence of unifying forces or linkages (Fiksel et al., 2006). Bruneau (Bruneau et al., 
2003) has identified the following 4 main parameters of resilience (so-called 4-R of Resilience): i) robustness: 
inherent strength, ability of the system and its elements to withstand disruptive forces without significant 
degradation or loss of performance; ii) redundancy: system property that allows choosing alternative options, 
substitute elements or other units, if significant loss of functionality occurs; iii) resourcefulness: ability to diagnose 
and prioritize problems by mobilization of resources needed; iv) rapidity: speed with which disruption can be 
783 Tatjana Kuznecova et al. /  Procedia Economics and Finance  18 ( 2014 )  780 – 788 
overcome, the capacity to restore functionality quickly. Mobility is an important property that affects the system’s 
resilience as it lets system move away from unfavourable, harmful conditions or towards areas of greater need 
(TDM Encyclopedia). Climate change, whether driven by natural or human forcing, can lead to changes in the 
likelihood of the occurrence or strength of extreme weather and climate events or both. Therefore, resilient systems 
must not only withstand and adapt to the severe consequences of climate change, but also decrease the negative 
impact on climate (UNEP).  
4. Methodology 
Current study aims to introduce a methodology approach for the assessment of resilience enhancing measures 
within the urban energy system from the sustainability viewpoint. The methodology is presented in a form of a 
schematic algorithm and results in the quantitative calculation of the Resilience Index (see Appendix A). Calculation 
is based on the multi-criteria analysis taking into account vulnerability and risk indicators incorporating different 
sustainability dimensions. 
The methodology consists of several preparatory steps including identification of the goal of the study and type 
of a system to be analysed. System’s identification is accompanied with characterization of surrounding 
environmental and climate conditions and identification of potential risks with respect to the particular type of the 
system. System’s specifications, assumptions on functionality and potential risks influence the development of a set 
of indicators for resilience assessment. This significant part of the overall methodological approach is the set of 
indicators which is described in detail in the sub-chapter 4.1. Data is collected and processed according to the 
selected indicators, which is followed by multi-criteria analysis in order to obtain the resilience index for the defined 
system. Multi-criteria analysis method "TOPSIS" was selected to perform a comparison among different cities. The 
analysis ends with identification of the ‘weak points’ of the studied system, after which the development of 
suggestions for further improvements is possible. That is supposed to represent the continuous adaptive process. 
The purpose of this study is to show the resilience level of energy systems in terms of potential risks, system’s 
initial state of vulnerability to energy supply interruption and adaptive capacity. If the resilient index is higher for a 
particular scenario, it shows that the given system is more robust and/or flexible and can provide its services with 
smaller probability of interruptions. It should be highlighted that current study doesn’t aim to provide the statistical 
risk assessment, but rather suggest the set of the reasonable indicators within an easily-applicable tool for resilience 
assessment. In this particular study the resilience index aims to measure the energy system performance of three 
Baltic cities – Riga, Vilnius and Tallinn incorporating sustainability viewpoint into resilience concept. The system 
boundaries are set within the geographic city boundaries.  
4.1.    Development of a set of indicators 
The resilience index of energy system can be observed from different points of view. In this case resilience index 
is developed for urban district heating system from the energy metabolism perspective, which means that energy 
production, distribution and end-use is considered in resilience quantification. It is necessary to make sure that 
indicators which are used for resilience index calculation are appropriate, express the most important aspects of the 
issue studied and can be properly evaluated.; and affordable data are available. According to literature review on 
resilience concepts, urban metabolism and energy system resilience, a number of indicators have been developed to 
be used in this particular case. The indicators are divided into 5 categories reflecting different sustainability 
dimensions: 
I. Technical dimension: i) Diversity of energy sources – shows system’s ability to produce energy from 
different energy sources. In situation when other resources have high price or they are not available there will be 
energy system infrastructure which can continue produce energy; ii) Diversity of installed capacities of energy 
conversion facilities – the higher is the diversity and evenness of heat production facilities the lower is the risk of 
major energy supply interruption; iii) Heat losses in energy supply and production efficiency, % (2 indicators) – 
the more efficient is the energy system, the less is the impact on environment and possibly more affordable price for 
energy. It is necessary not only to ensure the high energy production efficiency, but also reduce heat losses within 
the distribution stage as much as possible; iv) Specific energy consumption, kWh/m2 – shows the intensity (and 
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efficiency) of energy use in buildings. Reduced energy use is considered an important factor in the conditions of 
scarce availability of resources or energy supply shortage; v) Average pipeline age, years – in the selected areas of 
interest, the age of significant part of the heating network exceeds 25 years which poses a risk of failures in energy 
supply (DALKIA). 
II. Social-economic dimension: i) Dependence on fuel import – the higher is dependence on fuel import, the 
lower is resilience. Dependence from other country fuels could lead in high risk of supply interruption. The 
possibility of import itself can be a good opportunity in the conditions when other sources are unavailable, however 
the high dependence can lead to the major energy supply interruptions if the provision of fuel (or primary energy) 
from another country is over; ii) Population density, people/km2 – given indicator is supposed to characterize the 
social impact. The higher is density in the affected area, the bigger impact may occur; iii) Share of people 
connected to the network, % - shows impact of hazardous event in terms of energy supply interruption; iv) Price 
per MWh, €/MWh – modernization of energy systems can strongly influence the price of energy and create effects 
of society and local economy which should be included in resilience assessment; v) GDP per capita, €/capita – 
given indicator characterizes the state of local economy which indirectly shows the ability to invest in risk 
management programs and modernization of energy systems; vi) Average energy consumption per capita, 
MWh/capita - can serve as an indicator of the reliability of, and consumer’s ability to pay for energy services; vii) 
Costs for restoration of the network, EUR/m - characterises complexity of maintenance and restoration due to 
accessibility  of supply networks for restoration works, labour force needed, external conditions and character of the 
system itself; viii) Social awareness about risks and energy efficiency - public awareness may vastly affect daily 
behavior of consumers in terms of effective use of energy and ensure appropriate actions during the extreme event. 
III. Environmental dimension: i) Greenhouse gas emissions per produced 1 MWh of energy, tCO2/MWh 
– climate protection nowadays goes hand in hand with disaster risk mitigation. Given indicator represents the 
environmental performance of energy system. It is supposed to help reduce the climate change and related 
consequences in terms of natural disasters and extreme weather conditions; ii) Natural protective capacity - In fact, 
protective measures should include restoration or reinforcement of natural protective capabilities, which indirectly 
contribute to protection of critical infrastructure and facilities. Examples of such measures are: restoration of natural 
flows, restoration of wetlands which can store flood water, urban Green Infrastructure such as green spaces, 
sustainable urban drainage etc. (EU Commission); iii) Thermal pollution - indicates a rise or fall in the temperature 
of a natural body of water caused by human influence. A common cause of thermal pollution is the use of water as a 
coolant by power plants and industrial manufacturers (TNAU AGRITECH PORTAL).  
IV. Risk dimension: i) Natural disaster risk – shows the probability of natural disaster occurrence. In the 
current study the focus is made on flood risks, because of a large number of hydrological objects in the studied areas. 
For example, water covers around 15.7% of the territory of Riga. Storms, snow melting, coastal erosion intensified 
by climate change create significant risks to the urban objects including energy infrastructure. According to Flood 
Risk Management Plan for Riga City, at least one boiler house („Rigas Siltums” – Daugavgriva) is under the flood 
risk with 50% of probability of occurrence (LIFE Project). Flood risk can be characterized also through the 
parameters like mean soil sealing (%), extreme precipitation (days); ii) Number of failures per 1 km of network 
per year – the indicator represents statistical data on the real historically occurring failures in the studied systems; 
iii) Share of use of centralized energy system, % - big share of use of centralized energy systems may show 
higher risk of energy supply interruptions compared to the distributed, decentralized systems. 
V. Governance/management dimension: i) Policy documents and action plans (sustainable energy action 
plan, disaster management plans, civil protection plan etc.) – describe policy aspects of resilience building and 
implemented or planned mitigation, adaptation and recovery actions; ii) Awareness level of stakeholders - ensures 
and strengthens development of appropriate action and development  plans, provides timely and reasonable actions 
and measures during the hazardous event and after that; iii) Importance of the elements at risk (critical 
infrastructure) – the indicators shows if critical infrastructure is considered to be of primary importance in risk 
mitigation policies; iv) Risk management, infrastructure protection facilities – it is necessary to take into account 
the organization of risk management system not only on the national level, but essentially on the city level. 
Availability of the risk management departments, rescue services and other participants within the disaster and 
crises management should be evaluated; v) Availability of resources/funds – the indicator shows if necessary 
economic resources are available for organization of risk management and implementation of adaptive measures; vi) 
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Availability of risk maps – characterizes information availability regarding the risks. It is important to know if  risk 
assessment research is conducted and results are sufficiently provided to the society, businesses and governance. 
The current study is focused on flood risks, therefore availability of flood maps is taken into account; vii) Intensity 
of renovation, %/year – characterizes the rapidity of heating network rehabilitation measured in percentage of 
recovered length per year. This factor is important for maintaining high overall quality of the energy distribution 
network. 
4.2. Data screening 
The data on the current energy system’s performance need the preliminary processing. For the calculation of the 
diversity indices Shannon-Weiner formula was used which originates from information theory. It has become 
popular in the ecological research and has been eventually adapted to the other scientific fields. 
∑ ⋅−=
s
i
ii ppH ln  
where  
pi - the share of fuel i in the energy mix or the market share of supplier i (Lo, 2011).  
Preliminary data screening showed that for Riga, Vilnius and Tallinn the diversity indices of heat production 
plants are respectively -278.69, -321.66 and -321.36, which represent a more preferable result for Riga. 
Some of the indicators are ranked in a qualitative way by converting them in the non-dimensional attributes. That 
is mainly relevant to the indicators within the Governance/management dimension. Existing action 
plans/development programs, availability of resources and funds in the all three cities are accounted and ranked 
according to the 5-point scale considering availability and relevance to the energy sector security and disaster risk 
management. 
Obtained values for all of the indicators are then incorporated in TOPSIS multi-criteria analysis which goes 
through the comparison prior identifying the weights for each selected criterion; the scores are normalised for each 
criterion and the geometric distance between each alternative and the ideal and negative ideal alternative is 
calculated (Pavic et al., 2013). 
Discussion 
Even though the use of multi-criteria analysis in resilience assessment is not a novel approach, the development 
of appropriate indicators to be used for complex systems is still a significant issue which is exacerbated by existing 
ambiguities of resilience concepts and complex interactions between different system’s components and sub-
systems. This study mainly aims to highlight the importance of studying urban metabolism, resilience and 
sustainability concepts within an integrated yet simple framework. The significance of the practical application of 
this research is lying down on offered opportunity to propose a useful and effective framework to quantify, screen, 
and select the potential best strategies aiming to increase the urban resilience, thus providing to the stakeholders an 
applicable tool suitable for their specific situations. 
The current work aims to present an easily understandable, practically applicable approach for resilience 
assessment of urban energy sector incorporating different levels of energy metabolism spreading these perspectives 
over the sustainability dimensions. Currently, many existing frameworks propose guidelines for development of 
indicators, but do not provide the specific assessment methods (MOVE framework, 2013). The ultimate goal was 
mainly devoted to reflect the resilient systems’ features summarized after the literature review within the set of 
universal indicators, supported at the same time by the organized structure that clarifies how to assess the collected 
data.  Within the proposed approach still some key issue should be discussed and pointed out. An important issue is 
related to the key question if the proposed method can provide a truly representative results, and consequently if the 
selected indicators represent the optimal choice in order to provide a clear final picture of the analyzed systems. This 
aspect has evident reflections at the step of practical implementation of the proposed approach. For this reason the 
possibility of extension of the set of indicators should also be considered and evaluated. Moreover the opportunity to 
use the proposed method for the cities in different environmental and climatic conditions should be further 
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determined and discussed. Ambiguities and uncertainties of weighting the criteria should be discussed and 
sensitivity analysis should be conducted within the multi-criteria part of assessment. Practical application of the 
proposed methodology is currently at the data collection stage. The further steps of assessment will include multi-
criteria analysis itself, identification of the “weak spots” of the studied systems and development of possible 
solutions for resilience enhancement. 
Further research is supposed to incorporate the aspects of system dynamics in order to replace a static model with 
dynamic one, which would be able to present the development of the system over time. Another improvement could 
be implementation of Life Cycle Assessment for studying urban metabolism within the resilience perspective by 
introducing the environmental impact and sustainability indicators. It should be noted that integrated resilient and 
sustainable development is still a crucial issue nowadays. More effort should be made to avoid the contradictions 
between the resilience and sustainability principles.  
 
Conclusions 
 
This study aims to find links between the specifications of energy flows of particular cities and city’s ability to 
withstand extreme conditions and recover after them. The major focus is made on understanding how resilience can 
be assessed and enhanced depending on the character of energy metabolism and infrastructure ensuring that. It was 
also realized that nowadays the need for ‘sustainable resilience’ is of particular importance. That means that cities 
should not only be robust and adaptive, but at the same time also address the main economic, societal and 
environmental principles and goals, which create an additional challenge to humanity. The current study proposes an 
approach for resilience assessment within the urban metabolism perspective incorporating different aspects of 
sustainable development. The methodology is summarized in a simple schematic algorithm which guides through 
the main steps of evaluation. Based on the common features of resilient systems (and in particular energy systems) 
derived from the literature review, a set of universal indicators for resilience assessment of urban thermal energy 
metabolism was developed. Such features include diversity, efficiency, robustness, adaptability, resourcefulness; 
which were addressed over the different sustainability dimensions and combined with the risk indicators and 
communication/awareness factors. In this case risk indicators mainly address the flood risk due to the environmental 
specifications of the selected areas of interest. The developed set of indicators aims to reflect different levels of 
energy metabolism – production, distribution and use, with a major focus on thermal energy. Greenhouse gas 
emissions are taken into account as the main waste product affecting Climate resilience and climate change, which 
in turn may worsen weather conditions and strengthen the intensity and frequency of natural disasters. 
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Appendix A. Algorithm for the proposed methodology 
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